Introduction
Revealing the action of alcohol at the molecular level means a better understanding of the effects of alcohol on behavior (Ceccanti et al. 2018a; Ceccanti et al. 2015a; Ceccanti et al. 2018b; Coriale et al. 2018a ; Coriale et al. 2018b; Ledda et al. 2018) and consequently the ability to develop new and efficacious treatments for alcohol use disorders (AUDs) (Attilia et al. 2018a; Attilia et al. 2018b ).
The importance of epigenetics in gene regulation in various biological processes is nowadays extensively appreciated. Epigenetics refers to the establishment of changes in gene expression without alterations in primary DNA sequence and plays an essential role in multiple biological and pathological processes (Keita et al. 2013; Tremblay et al. 2017) . Regulation of these processes depends on the interplay between at least three major epigenetic mechanisms: DNA methylation, histone modifications, and miRNA patterns (Starkman et al. 2012 ).
Molecular pathways sensitive to alcohol are highly conserved across species as humans, mice, rats, worms, and fruit flies (Dick and Foroud 2003) . Alcohol affects molecular systems of neurotransmitters and receptors, alcohol may change gene expression and cause synaptic remodeling of the circuitry that regulates compulsivity and inhibition (Most et al. 2014) . Despite the important role of genetic variants involved in the neurobiology of alcohol addiction Pascale et al. 2015 ) a large body of data is recently emerging on the role of alcohol in inducing epigenetic modification of the DNA structure that, without altering the nucleotide sequence, can reorganize gene expression through DNA methylation (Tremblay et al. 2017 ) and nucleosomal remodeling via histone modifications (Starkman et al. 2012; Waddington 1959) . Important factors in the control of gene regulation (Starkman et al. 2012 ) are also noncoding RNAs (ncRNAs). ncRNAs represent a large family of ribonucleic acids and constantly new molecules are added. Many of these molecules are well-known: microRNA (miRNA), small interfering RNAs (siRNA), enhancer RNAs (eRNAs), long non-coding RNAs (lncRNAs) and promoter-associated RNAs (PARs). The epigenetic state of a cell or a tissue is the result of intricate molecular interactions that create a unique epigenetic signature that can change over time and in response to environmental stimuli. Alcohol, in all forms D r a f t of consumptions and intoxication, chronic, binge and gestational, is emerging as a subtle regulator of the complex scenario of epigenetics.
Literature Reviews and Data Collection
The literature review strategy was based on Pubmed and Google Scholar that were searched for terms as epigenetics and ethanol, ethanol metabolism and DNA methylation, ethanol and histone covalent modifications, ethanol and microRNAs, ethanol and gene expression, ethanol, neurotrophins and their epigenetic modulation. We included crucial studies disclosing clinical, animal, toxicological, genotoxicological, and other mechanistic studies.
Ethanol and DNA Methylation
A well-studied epigenetic modification is DNA methylation which tags cytosines with a methyl group. Silencing or overexpression of regulatory genes caused by abnormal methylation of their promoters leads to tissue pathology and neoplastic transformation (Starkman et al. 2012; Zakhari 2013 ). In mammalian DNA, the cytosine moiety of cytosine-guanine (CpG) dinucleotides can be methylated at carbon-5 of the cytosine pyrimidine ring to form 5' methyl-cytosine. A methyl group can also be added to a cytosine not followed by a guanine, this kind of DNA methylation is called non-CpG methylation. In non-CpG methylation, a methyl group is added to a cytosine followed by an adenine a thymine, or followed by a cytosine and these modifications can be reported as CpA, CpT or CpC methylation (Guo et al. 2014; Pinney 2014) . Regions enriched in CpG dinucleotides (CpG islands) are often located in promoter regions near transcription start sites and their methylation blocks transcription and silence genes (Berkel and Pandey 2017; Comb and Goodman 1990) . The
CpG island is the main feature known to play a well-established role in epigenetic-mediated transcriptional regulation. Non-CpG methylation, on the other hand, has been proved to occur in the promoter region of several genes, in tissues and cell lines, and seems to contribute to the dynamic changes of methylation patterns that happen during the transcriptional control of tissue-specific genes D r a f t 8 (Fuso et al. 2010) . Interestingly, non CpG DNA methylation was seen to accumulate in the human and mouse brain, postnatally, reaching levels similar to that of mCG in the neuronal genome (Kinde et al. 2015) . This is probably due to the fact that the methylation at non-CpG sites is involved in cell type-specific regulation such as embryonic stem cell differentiation or synaptogenesis, ruling out this epigenetic modification as a key factor, especially in pluripotent stem cells and neuron (Lee et al. 2017) . A bias can be observed in DNA methylation studies resulting in an underestimation of CpG methylation and non-CpG methylation masking, due to the bisulfite assay (Fuso et al. 2015) .
Difficulties in recognizing this particular type of methylation caused a delay in the understanding and explanation of some molecular mechanisms involving stem cell differentiation and neuronal development. Otherwise, this technical bias can be overcome by the recent next generation bisulfite sequencing assays (Guo et al. 2014; Pietrzak et al. 2016) . The family of DNA methyltransferases enzymes (DNMTs) catalyzes the methylation reaction. DNMT1, DNMT3A, and DNMT3B transfer a methyl group from the donor S-adenosylmethionine (SAM) to the target cytosines. DNMTs are abundant in adult fully differentiated neurons where are believed to control gene regulation (Feng et al. 2005) . The level of SAM and the metabolic pathways related to SAM control the methylation of histones and DNA. SAM biosynthesis and degradation take place in the liver (Mudd 1979) .
Methionine synthase (MS) catalyzes the methylation of homocysteine. MS utilizes 5-methyl tetrahydrofolate (5-methyl THF) as the methyl donor and vitamin B12 or betaine as cofactors; MS uses also betaine-homocysteine methyltransferase (BHMT) that requires in turn betaine as the methyl donor. Methionine formed is then transferred by methionine adenosyltransferase (MAT) that produces SAM (Fig.1) . This latter is then used for methylation purpose (Zakhari 2013) . The enzyme MAT is expressed in all mammalian tissues and is a critical enzyme because is the only one that catalyzes the synthesis of SAM. The MAT gene is one of the 482 genes required for the survival of an organism (Mato et al. 2002) .
Ethanol addiction deregulates methylation mechanisms developing specific patterns of methylation and acetylation that depend on the stage of the disease. Chronic heavy drinking inhibits MS, reduces D r a f t folate, methionine and SAM levels, while increases homocysteine and S-adenosylhomocysteine (SAH). SAH inhibits DNMTs resulting in a global DNA hypomethylation (Lu et al. 2000) . In chronic alcoholics, there is a decreased hepatic activity of MAT with hypermethioninemia and a reduced methionine clearance. The impairment of SAM biosynthesis and the consequent DNA hypomethylation affect also the accessibility of DNA to damaging agents (Pogribny et al. 1995) .
Increased expression of c-myc, a "master regulator" gene that plays a role in cell cycle progression and a global increase in DNA strain break were also observed (Lu et al. 2000) . These damages and the resulting repair reactions induce demethylation and may lead to hepatocellular carcinomas as observed in Mat1a knockout mice (Martinez-Chantar et al. 2002) . SAM was used therapeutically in alcoholic liver disease (Mato et al. 2002) because reduces the expression of pro-inflammatory cytokines such as tumor necrosis factor alpha (TNF-α). The therapeutic effect of SAM could be explained at least from two different points of view: on one hand, counteracts oxidative stress (SAM can also recharge the endogenous antioxidant system) contributing also to keep safe DNA from modifications that may affect, among other things, the activity of methyl-CpG binding proteins (acting in transcriptional repression and in long-range interactions in chromatin); on the other hand, SAM supplementation prevents the reduction of its availability for epigenetic methylation during oxidative stress, because in this circumstances SAM is partially diverted towards the anti-oxidant pathway. The therapeutic effect of SAM may rely also on control of gene expression via inhibition of histone methylation (Mudd 1979) .
Ethanol Metabolism
Alcohol is metabolized by two pathways: an oxidative pathway occurring in the liver and a nonoxidative pathway that takes place in extrahepatic tissues. Oxidative alcohol metabolism exerts epigenetic effects changing the NADH/NAD+ ratio and producing reactive oxygen species (ROS).
NAD, as an oxidizing agent, is involved in redox reactions, it accepts electrons from other molecules and becomes reduced; NADH formed can then be used as a reducing agent to donate electrons. These D r a f t electron transfer reactions are the main function of NAD (Zakhari 2013) . In the oxidative ethanol metabolism, the enzyme alcohol dehydrogenase (ADH) produces acetaldehyde, a highly reactive and toxic molecule. Acetaldehyde is then metabolized to acetate in the mitochondria and this oxidation reduces NAD+ to NADH and generates a highly reduced cellular environment. Acetaldehyde may inhibit the enzyme DNMT1 that controls many DNA methylation reactions (Garro et al. 1991 (Albaugh et al. 2011) . Sirtuins, that are histone deacetylases and poly-ADP-ribose polymerases (PARPs), depend on NAD+ levels that vary in a circadian manner (Zakhari 2013) .
Ethanol Exposure, Effects on Methylation Levels and Gene Expression
Studies in brain tissues from murine models, about the effect of acute alcohol exposure on global DNA methylation in vitro and in vivo, suggested an inhibition of DNMT expression and activity (Garro et al. 1991; Zhang et al. 2014) . Chronic ethanol exposure in mice instead, induced a global hypermethylation of DNA in various brain regions, with an increase in DNMT1 expression into the nucleus accumbens (Warnault et al. 2013 ) (Fig. 2) . Prenatal alcohol exposure in rats showed DNA hypermethylation and reduced expression of the brain-derived neurotrophic factor (BDNF) protein in olfactory bulbs with a loss of neurons in this region (Maier et al. 1999) . Similar results occurred in rats prenatally exposed to alcohol for the Glial Fibrillary Acidic Protein (GFAP), expressed specifically in astrocytes (Ponomarev 2013; Valles et al. 1997 ). Other gene-specific studies in patients have reported significant changes in genes that belong to pathways connected to alcohol craving: proopiomelanocortin (POMC) and alpha-synuclein (SNCA) (Bonsch et al. 2005) . Alcohol intake leads to an impaired regulation of hypothalamic-pituitary-adrenal (HPA) axis that is manifested with altered behavioral and cognitive control. This dysregulation contributes to alcohol craving, compulsive motivation and consumption (Ramchandani et al. 2018) . Alcohol interferes with HPA axis by affecting the expression of POMC and its derived peptides. POMC is post-translationally modified into adrenocorticotropic hormone (ACTH), beta-endorphin, and alpha-melanocytestimulating hormone (alpha-MSH) and other biologically active molecules (Raffin-Sanson et al. 2003) . Reward process may involve the regulation of POMC gene expression and the gene expression of POMC-derived peptide receptors (Tapinc et al. 2017) .
Modification of DNA methylation patterns within the POMC promoter was shown to correlate with both post and pre-exposure craving phase of alcohol dependence (Muschler et al. 2010 ). At the SNCA promoter level, hypermethylation was observed in acute exposure and postexposure withdrawal (Bonsch et al. 2005) . Genome-wide investigations have reported significant changes in pathways connected to alcohol metabolism and neurotransmission. Some of these studies compared alcoholics to their non-dependent sibling and showed altered methylation signatures in several genes (Berkel and Pandey 2017) . Genes involved are the aldehyde dehydrogenase (ALDH1L2), that regulates the elimination of alcohol metabolites, the GABA receptor (GABRP), that suggests a decrease in GABA binding in alcoholics, the glutamate-decarboxylase (GAD1), that regulates alcohol-related GABA production, and the dopamine beta-hydroxylase (DBH) already strongly connected to alcohol tolerance (Zhao et al. 2013) . These methods allowed to isolate genes and gene networks of interest that virtually can be utilized as biomarkers in humans affected by acute and chronic substance abuse (Andersen et al. 2015) . Moreover, post mortem examination of brain tissues of alcoholics allowed the evaluation of region-specific changes in DNA methylation. Results from the extensive studies of Ponomarev in the amygdala and frontal cortex of alcoholics showed a global DNA hypomethylation and a decrease in DNMT1 transcription (Ponomarev et al. 2012 ). Alcoholic's frontal cortex neurons showed epigenetic dysregulation in a myriad of gene networks, especially those involved in synaptic transmission. Genes controlling chromatin remodeling, histone deacetylation and repression of transcription were all up-regulated in the amygdala and frontal cortex (Ponomarev 2013) . Chronic alcohol exposure induced modifications of chromatin specifically on gene promoters (Guerri and Pascual 2010; Most et al. 2014) . Post mortem epigenetic studies, in that way, are important to shed light on the molecular mechanisms of addiction and to address animal models' investigations. The emerging picture is of a specific DNA methylation signature that characterizes the different phases and severity of addiction: pre-exposure craving (preoccupation/anticipation), acute exposure (intoxication) and post-exposure (withdrawal) (Koob and Volkow 2010) .
Ethanol and Histone Covalent Modifications
The complexes between nuclear DNA and proteins are called chromatin. The major proteins of chromatin, forming its structural backbone, are the histones (H) -small proteins containing a high proportion of basic amino acids (arginine and lysine) that facilitate binding to the negatively charged DNA molecule. There are five major types of histones -H1, H2A, H2B, H3, and H4 (Starkman et al. 2012 ). Eukaryotic DNA is wrapped repeatedly around octamers of histones forming multiple nucleosomes, the basic structural units of chromatin. Briefly, chromatin is a fiber structure composed of DNA, histones and non-histone proteins. The packaging of chromatin is controlled by histone modifications that are crucial epigenetic mechanisms controlling DNA repair, replication, and transcription (Esteller 2008; Krishnan et al. 2014) . Covalent modifications of histones regulating transcription include phosphorylation (serine and threonine residues), methylation (arginine and lysine residues), acetylation (lysine residue), ubiquitination, sumoylation, ADP-ribosylation (lysine residue) and proline isomerization. Acetylation and phosphorylation of histones H3 and H4 activate transcription while sumoylation implicates repression (Allis et al. 2007 ).
Ethanol and Histone Methylation
Histone methylation plays an important role in epigenetic regulation. Histone methylation causes activation or repression in a context-specific manner (Lachner et al. 2003) . Methylated histones can either repress or activate transcription as different experimental findings suggest. For example, it is likely that the methylation of lysine 9 on histone H3 (H3K9me3) in correspondence of the promoter region of genes prevents from excessive expression and, therefore, delays cell cycle transition and/or proliferation (Chen et al. 2011 ). Histone methylation is controlled by HMTs that catalyze the transfer of methyl groups to lysine and arginine residues of histones. This transfer occurs at specific lysine or arginine residues on histone H3 and H4 (Wood and Shilatifard 2004) . There are two types of histone methyltransferases: i) lysine-specific, that contain or lack a SET (Su(var)3-9, Enhancer of Zeste, Trithorax) domain and ii) arginine-specific (Feng et al. 2002; Sawan and Herceg 2010 The enzyme targets the lysine residue of the substrate histone tail that, in the catalytic pocket of the SET domain, binds and is properly oriented with the donor SAM (Wood and Shilatifard 2004) . Dot1
instead, is a Non-SET histone methyltransferase that methylates a lysine residue in the globular core of the histone. The catalytic site of Dot1 forms a loop in which the C terminus, that carries a positive charge, controls substrate specificity favorably interacting with the negatively charged DNA scaffold (Min et al. 2003) . Dot1 can methylate only histone H3.
The adaptive process that allows an organism to learn to anticipate events is called associative learning. This mechanism can play an important role in the shift between recreational drug use to addiction (Hogarth et al. 2013) . Contextual fear conditioning represents a form of associative learning. Experiments in mice showed an upregulated histone methylation at lysine 4 (H3K4), a mark of actively transcribed genes, in the promoters of BDNF and Zif-268, a zinc finger nuclear protein that functions as a transcriptional regulator, in the CA1 region of the hippocampus one hour following contextual fear conditioning. Contextually, dimethylation of histone H3 at lysine 9 (H3K9), a molecular mark associated with transcriptional silencing, was increased. This suggests that histone acetylation is someway linked to histone methylation in hippocampus during consolidation of memories (Gupta et al. 2014) . In cortical neurons from mouse fetuses, either treatment with chronic intermittent ethanol or withdrawal increased H3K9 acetylation at the NMDA receptor 2B (NR2B) gene promoter while decreased H3K9 methylation levels; this mechanism, especially occurring after ethanol removal, may be involved in hyper excitation that is a characteristic symptom of alcohol withdrawal (Qiang et al. 2011) . Chronic ethanol abuse in humans increased gene-specific and global
H3K4me3 in the cortex, interestingly, this epigenetic mark in the promoter regions only indicated an accessible chromatin without meaning an active transcription (Bernstein et al. 2007; Ponomarev et al. 2012 ).
D r a f t Ethanol and Histone Acetylation/Deacetylation
Other well-characterized histone covalent modifications are lysine acetylation and deacetylation.
Histone acetylation and deacetylation is a crucial regulatory mechanism that takes place on the lysine residues of the N-terminal tail protruding from the histone core of the nucleosome (Kuo and Allis 1998) . The donor of the acetyl functional group is Acetyl-Coenzyme A. The tails of histone subunits insert in the minor groove of the DNA and extend through the double helix remaining accessible to modification involved in transcriptional activation as acetylation or repression as deacetylation (Feng et al. 2002) . When lysine, an amino acid with a positive charge, is localized on the amino-terminal tails of histones, it weakens the structure of the overall chromatin. Addition of negatively charged acetyl groups reduces the interaction between the nucleosome and the histone tail, opens the packed nucleosome and allows transcription complex to contact the DNA template leading to gene transcription (Struhl 1998) . On the contrary, the removal of acetyl groups compacts more tightly the nucleosome assembly preventing the entry of the transcription machinery, silencing in this way the gene. Two groups of enzymes catalyze these reactions: HATs, that transfer the acetyl functional group Starkman et al. 2012) . CREB recognizes the cAMP-responsive element (CRE) consensus sequence at the promoter of target genes and binds to it, activating gene expression (Montminy and Bilezikjian 1987) . CREB is activated by phosphorylation at serine 133 (pCREB), enters in a complex with the HAT CBP (Chrivia et al. 1993; Parker et al. 1996) , and with another protein, p300. This complex acetylates histones and promotes transcription activation (Arany et al. 1995) . In murine models of ethanol exposure, changes in histone acetylation were observed; these regulate several genes such as CBP, neuropeptide Y (NPY) (Ciafre et al. 2016; Pandey et al. 2008a ) and NR2B (Qiang et al. 2011) . In human brain, the important role of CBP, for normal learning and memory, is evidenced by the fact that CBP mutations causes a form of mental retardation (Tsankova et al. 2007) . A deregulation of CREB transcription factor, presumably acting through the NMDA glutamate receptor signaling pathway, causes aberrant learning and memory processes. CREB is activated by acute and chronic administration of stimulant and opiate drugs in regions related to reward (frontal cortex, ventral tegmental area and amygdala), whereas nicotine and ethanol have been reported to decrease CREB activity in the nucleus accumbens (Hyman et al. 2006) . In vertebrate, CREB signaling in the amygdala is important to modulate ethanol-related behavior (Pandey 2003; Pandey et al. 2003; Pandey et al. 2005) . Acute alcohol administration increases CREB phosphorylation and CBP, histone H3 and H4 acetylation, NPY expression and inhibits HDAC activity in the amygdala (Moonat et al. 2011; Pandey et al. 2008a ) (Fig.3) .
Four classes of HDACs have been described; class I HDACs (1,2,3 and 8), class II HDACs (4,5,6,7
and 9) and class IV HDACs are all dependent upon zinc for activity whereas class III HDACs or sirtuins are structurally unique because they need NAD+ for enzymatic activity (Blander and Guarente 2004; Haberland et al. 2009 ). Histone deacetylase isoform 2 (HDAC2) has been shown to be a crucial molecule to preserve hippocampal memory and normal cognitive function. Pandey's group has extensively studied the expression of HDAC2 in central nucleus of the amygdala of alcohol preferring (P) versus non-preferring (NP) rats, a model used to understand the genetic predisposition to alcoholism (Kyzar and Pandey 2015; Moonat et al. 2013) . In P rats compared to NP, a decrease in D r a f t BDNF and in the activity-regulated cytoskeleton-associated (Arc) protein in central nucleus of the amygdala, together with a parallel decrease in dendritic spine density was observed (Moonat et al. 2011 ). Arc protein regulate synaptic function and structure and its expression is suppressed by class I HDACS-mediated mechanisms, whereas the inhibition of HDAC allow Arc expression to be positively modulated by BDNF (Fukuchi et al. 2015) . Infusion of small interference RNAs (siRNA) against HDAC2 into the central nucleus of the amygdala normalized dendritic spine density, H3 acetylation deficit, Arc expression and BDNF levels. On the contrary, HDAC2 overexpression in neurons negatively affected dendritic spine density, synapse number and memory. HDAC2 deficient mice showed more spine density, more synapses and an increase in memory formation (Guan et al. 2009 ).
Ethanol and Epigenetics as a Therapeutic Option

Chromatin Remodeling as a Therapeutic Option
A repeated alcohol exposure seems to lead to a condensed chromatin conformation and to a consequent altered regulation of gene expression (Berkel and Pandey 2017) . This effect can be rescued by a treatment with trichostatin A (TSA), a pan-HDAC inhibitor that blocks the alcohol withdrawal syndrome (Pandey et al. 2008b ); this suggests that HDAC inhibitors could be therapeutic agents in treating alcohol withdrawal.
Substances interacting with HDACs activity, such as HDACs inhibitors, are proving to be an interesting therapeutic option for treating a variety of brain disorders such as post-traumatic stress disorders (Graff et al. 2012; Graff et al. 2014; Kazantsev and Thompson 2008) . Small molecules with an inhibitory action on HDACs can cross the blood-brain barrier and, once in central nervous system (CNS), exert anti-inflammatory and neuroprotective function enhancing memory formation (Kazantsev and Thompson 2008) . As for DNA methylation, also the effect of alcohol on histone acetylation is tissue, cell and brain region-specific. The complexity of HDAC inhibition and the specific function of the different HDAC isoforms need to be further investigated in order to unravel D r a f t the mechanism by which alcohol affects histone acetylation and influences gene expression (Ponomarev 2013 ).
Alcohol exposure modifies chromatin and expression of genes controlling synaptic plasticity. During negative states of addiction, behavioral and affective, dysfunctions in synaptic plasticity and dendritic spine formation occur and the neuronal phenotype is enriched of immature synapses. Recovery from behavioral and molecular consequences of ethanol addiction, obtained in HDAC2 deficient animal models, highlights, once again, the importance of this class of enzymes as a potential treatment target.
HDAC inhibitors have also shown promising results in neurological disorders with neurocognitive decline for their ability to rescue aberrant synaptic plasticity (Kyzar and Pandey 2015) . Finally, also CBP and p300 can represent suitable therapeutic targets for their potential of activating histone acetylation in neurodegenerative disorders (Valor et al. 2013) .
DNA Methylation as a Therapeutic Option
DNMT inhibition in alcohol dependence models has proven to be effective as a therapeutic option; it modifies both global and promoter-specific DNA methylation in brain neurocircuits involved. Mice and rats receiving DNMT inhibitors, as 5-azacytidine and ICV RG108, started to reduce alcohol intake; a general decrease in DNA methylation, within the nucleus accumbens, and an increase of transcription of genes associated with synaptic plasticity was observed, among these, the synaptotagmin2 (Syt2) gene (Barbier et al. 2015) . DNMT inhibitors were able to revert alcoholinduced hypermethylation of Syt2, known to control alcohol drinking behaviors (Berkel and Pandey 2017).
Ethanol and MicroRNAs
MiRNAs are short single-stranded RNAs deriving from long non-coding RNA precursors coded by genes and intronic DNA sequences. These miRNAs can inhibit the translation of mRNA targets by upregulates miRNA-9 which affects the expression of specific splice variants of the BK (Big Potassium) channel, channels that let large amounts of potassium flow through the plasma membrane, less or more sensitive to alcohol (Pietrzykowski et al. 2008 ). Thus, alcohol-sensitive miRNAs can trigger the development of tolerance, the first step to alcohol addiction. Studying human alcoholic brain tissues, two miRNAs, miRNA-7 and miRNA-153, were found to be differentially expressed if compared to healthy subjects (Doxakis 2010) . Both these miRNAs regulate the expression of alphasynuclein, a protein controlling neurotransmitter release in presynapses. Alcohol dependence in human, as well as in rodents, depends on alpha-synuclein levels (Bonsch et al. 2005 ). This protein is involved in dopaminergic neurotransmission and neurodegeneration (Liu et al. 2004 ). Overexpression of these two miRNAs reduces endogenous alpha-synuclein levels whereas their inhibition enhances its translation (Most et al. 2014) . Recently, the sirtuin isoform SIRT1 has been shown to control CREB function and to influence memory and learning by miRNA-134 regulation (Gao et al. 2010 ).
In a study comparing a young set of 20 AUD subjects and 10 age-matched controls, serum miRNA expression was found changed in AUD subjects with respect to controls (Ignacio et al. 2015) . Alcohol has the ability to modify the expression of miRNAs and consequently the expression of genes involved in response to alcohol. Micro RNAs have been extensively used also to investigate the mechanisms by which alcohol alters transcription. Heat shock factor protein 1 (HSF1) is an alcohol responsive transcription factor. Acute alcohol administration increases the binding of HSF1 to the D r a f t promoter of GABA-R a4 subunit increasing its transcription. A small interfering RNA (siRNA) that blocks HSF1 decreases alcohol induced GABA-R a4 transcription; this transcription restarts in absence of alcohol when is expressed a constitutive form of HSF (Pignataro et al. 2009; Pignataro et al. 2007 ).
Ethanol, Neurotrophins and Epigenetics
Neurotrophic (Chen et al. 2003) .
MeCP2 was the first member (Lewis et al. 1992) to be identified in the methyl binding protein family (MBP). MBPs association with methylated loci interfere with the access of transcription factor to DNA sequences, moreover, MeCP2 interacts with histone deacetylase complexes, linking this way two different epigenetic mechanisms such as DNA methylation and histone deacetylation (Nan et al. 1998 ). This protein is critical in neurological development, since defects in the MeCP2 gene of the protein sequence have been found to be responsible of the Rett syndrome (RTT) (Amir et al. 1999 ).
MeCP2 controls the activity of several genes and is an important regulator of BDNF production (Chahrour et al. 2008 ). It has been described that the increase in BDNF levels restores synaptic output and morphological phenotypes in MeCP2 deficient neurons in vivo and in vitro in a cell autonomous and autocrine manner (Sampathkumar et al. 2016 ). Su and colleagues (Su et al. 2015) The relationship between neurotrophins and alcohol was also suggested by the observation that hippocampal neurotrophic activity is reduced by chronic and high levels of alcohol intake (Walker et al. 1992) . Among the family of these proteins, BDNF seems particularly involved in the action of alcohol in the adult brain and has been also implicated in neuropsychiatric disorders such as schizophrenia, depression, pathological anxiety and drug abuse (Logrip et al. 2015) . Acute alcohol intake or chronic moderate alcohol consumption increases striatal BDNF mRNA and downstream signaling pathways mediated by the BDNF receptor TrkB. On the contrary, alcohol intoxication provokes a marked reduction in BDNF expression in the medial prefrontal cortex, correlated to the amount of alcohol intake (Darcq et al. 2015) . Recent evidences correlate BDNF levels with the expression of two miRNAs that target BDNF mRNA for degradation. In animal models of alcoholism, excessive alcohol intake increases miRNA-30a-5p, while withdrawal increases miRNA-206 (Tapocik et al. 2014) . In both paradigms, there is an inverse association between the levels of D r a f t
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BDNF and the levels of these miRNAs (Darcq et al. 2015; Tapocik et al. 2014) . Overexpression of these two miRNAs in medial prefrontal cortex of rats provokes a marked increase in alcohol drinking while an intra-medial prefrontal cortex infusion of a miRNA inhibitor reduces excessive alcohol drinking. Other brain regions, in addition to the striatum, cooperate in maintaining moderate levels of alcohol intake, for example the amygdala, where BDNF regulates anxiety-like behavior and alcohol consumption (Pandey et al. 2006) . A downregulation of this neurotrophin was observed during ethanol withdrawal. The relevance of BDNF in alcohol dependence was also demonstrated in alcohol-preferring rats that present innately lower levels of BDNF in the nucleus accumbens and in BDNF heterozygous mice (BDNF +/-), that have a higher voluntary ethanol consumption. In this last model, where BDNF pathway is partially compromised, were also observed lower levels of class I HDACs in the caudate putamen, as a further confirmation of the interplay between BDNF and
HDACs (Caputi et al. 2015) . A TSA treatment in rats, that inhibits HDACs activity, reverses the downregulation of BDNF in the amygdala during ethanol dependence and the anxiety-like behavior during withdrawal (Volmar and Wahlestedt 2015) .
Prenatal exposure to alcohol impacts neurotrophins production and might irreversibly impair neurotrophin signaling pathways (Aloe and Tirassa 1992; Angelucci et al. 1999; Carito et al. 2017; Ceccanti et al. 2012; Ceccanti et al. 2013; Ceccanti et al. 2016; De Nicolò et al. 2014; Fiore et al. 2009b ). Alcohol intake downregulates also the synthesis of NGF, one of the most studied neurotrophin, which has a protective role in neuronal growth and survival and regulates the functional activity of brain cholinergic neurons. The inefficient production of NGF, associated with ethanol intake, provokes a deficit in learning and in cognitive abilities and impairs the functional activity of brain progenitor cells (Ceccanti et al. 2015b ). In the case of BDNF, its beneficial action in maintaining low levels of alcohol intake is mediated by the activation of TrkB/ERK1/2 signaling pathway that induces the expression of neuropeptides such as NPY, dynorphin and dopamine D3 receptor, known to be downstream effectors of the BDNF regulation of alcohol intake (Logrip et al. 2015) .
Furthermore, alcohol intake modifies cellular immune response increasing susceptibility to infections (Ciafrè et al. 2017) . Part of the immuno-competent cells produce and/or react to NGF, such as macrophages; the lack of neurotrophins induced by alcohol leads to a decrease in phagocytosis and bactericidal activity (Aloe 2006 ).
Recent evidences have linked epigenetic regulation of BDNF, NGF and cytokines release to the main symptoms of alcohol dependence as anxiety and withdrawal severity (Heberlein et al. 2017 ).
Alcohol dependence symptoms are associated with modifications of neurotrophic growth factors and proinflammatory cytokines (Heberlein et al. 2014a) . Alcohol consumption, in parallel, increases serum levels of interleukin-6 (IL-6) and TNF-α and the expression of NGF and BDNF (Heberlein et al. 2014b; Heberlein et al. 2013; Kiefer et al. 2002) , while a significant decrease is observed during withdrawal. The interplay between cytokines release and neurotrophins activates signal cascades such as CREB (Eyre and Baune 2012) , Akt phosphorylation, IκB phosphorylation and NF-κB binding (Prencipe et al. 2014) . It can be assumed that these modifications ( fig. 4 ) underlie the onset of the clinical symptoms of affective disorders such as depression and anxiety (Levi-Montalcini et al. 1996) .
Epigenetic alterations in NGF and BDNF are associated to modification in cytokine release (Aloe and Fiore 1997; Yanev et al. 2013 ) and contribute to alcohol consumption (Heberlein et al. 2013; Heberlein et al. 2015) . Studies by Heberlein, in patients undergoing withdrawal, demonstrated an association between TNF-α serum level and the methylation of a CpG cluster in exon IV of the BDNF D r a f t gene in which are contained transcription binding sites that control TNF-α transcription (Koch et al. 2014) . They also found an association between the IL-6 serum levels and the methylation of a cluster of CpG-islands within exon 1 of the NGF gene, containing transcription factors, as activator protein 1, relevant for IL-6 transcription (Irwin et al. 2015) . These investigations suggest a mechanism linking epigenetic modifications of neurotrophin genes, alterations of signaling cascades that regulate cytokines expression and symptoms of psychiatric disorders (Heberlein et al. 2017) . The loss of trophic mediators and the induction of proinflammatory oxidative stress signals produce the brain degeneration observed in alcoholism (Crews and Nixon 2009) . Moreover, oxidative damage towards methyl-CpG sites, selectively placing specific modifications as 8-oxoguanine and 5-hydroxymethylcytosine in methyl-CpG binding protein recognition sequences, greatly reduces the binding affinity resulting in heritable epigenetic changes in chromatin organization (Valinluck et al. 2004 ). Protection against brain oxidative damage can be exerted by antioxidants and/or neurotrophins that prevent COX-2 induction, neuronal cell death and inhibition of neurogenesis (Crews et al. 2006) .
Polyphenols, micronutrients with antioxidant activity, have shown a relevant neuroprotective effect in various pathological states of the nervous system. This class of organic chemicals deriving from fruit, vegetable, red wine, tea, coffee, chocolate and extra virgin olive oil protect neurons against oxidative stress and has several other biological effects. The protective effects of these compounds were supposed to be exerted by strengthening the neurotrophins' action (Carito et al. 2016; Carito et al. 2015b; Ceccanti et al. 2012; De Nicolo et al. 2013; Fiore et al. 2009b; Fiore et al. 2009c ).
Therefore, as ethanol consumption reduces neurotrophins level in hippocampus, polyphenols could counteract the deleterious effects linked to alcohol abuse.
Future Investigations
Future investigations are needed to clarify the complex pattern of epigenetic modifications mediated by ethanol and to answer some questions: does ethanol generate a "distinctive epigenetic signature" on DNA and histones that might be used as a diagnostic marker of the different phases of addiction? . Schematic representation of some of the alcohol-induced epigenetic modifications in the amygdala of animal models. Acute alcohol inhibits histone deacetylase (HDAC) and increases histone acetyltransferases (HAT), resulting in an increased histone acetylation associated with euchromatin (a relaxed chromatin). This allows the transcription of cAMP-response element-binding protein (CREB) targets such as neuropeptide Y (NPY), brainderived neurotrophic factor/nerve growth factor (BDNF/NGF), and activity-regulated cytoskeleton protein (Arc) that control dendritic spine density. These conditions reduce anxiety and propensity to drink. Upon withdrawal HDAC increases, HAT decreases, chromatin condenses and CREB signaling down-regulates. This results in an increase in anxiety and a decreased expression in CREB-binding protein (CBP), NPY, BDNF/NGF and Arc. From this state, introduction of ethanol restores the normal condensation of the chromatin.
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